Diapause is an important characteristic of insects used to adapt to extreme changes in environmental conditions. Embryonic diapause of the bivoltine silkworm (Bombyx mori) is determined by environmental conditions experienced by the mother while in the embryo stage. If they are incubated at 25°C with natural light, their progenies will be diapause-destined. If they are incubated at 17°C in darkness, their progenies will be non-diapause-destined. The molecular mechanism of diapause remains unknown. In the present study, we analyzed two downregulated genes (BGIBMGA003835, BGIBMGA012335) and two upregulated genes (BGIBMG012996, BGIBMG002426) related to carbohydrate metabolism, verified differentially expressed in ovaries and heads of 1-day-old fifth-instar larvae to 6-day pupae by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR). In line with published data, the expression level of these genes in larvae were generally lower than in pupae. We further analyzed the expression levels of the four genes in BmN cells that had been treated with various concentrations of diapause hormone (DH). It demonstrated that the expression of these genes was affected by DH. Knockdown of the selected genes in non-diapause-destined female pupae changed the fate of the progeny from non-diapause-to daipause-destined, as seen by the appearance of diapause eggs. Our study provides insight into the molecular mechanism of diapause in B. mori.
| INTRODUC TI ON
Whether assessed by the number of individuals or species or the amount of biomass, insects are the most abundant organisms on earth. Most insects living in the northern hemisphere experience a special period of developmental arrest that is referred to as diapause (Denlinger, 1986; Salminen et al., 2015; Tauber, Tauber, & Masaki, 1986) . During this period, the rate of development slows to almost zero, but does not stop. Diapause is a strategy that allows insects at various stages of development to survive adverse environmental conditions by repressing their metabolism (Leather, Walters, & Bale, 1993; Wolda, 1988) . The process enables insects to survive over the winter and postpone reproduction until favorable conditions return (Denlinger & Armbruster, 2014; Foster & Crowder, 1980) . Diapause therefore plays a significant role in the population development and reproduction of insects (Clark & Worland, 2008; Hahn & Denlinger, 2011) as well as the stabilization of genetic characteristics during evolution (Denlinger, 2003) . Characteristic changes of diapause process are lower metabolic activity and a pause in morphogenesis (Vukasinovic et al., 2015) .
The silkworm, Bombyx mori has a rearing history of more than 5,000 years, and it is the important completely domesticated insect (International Silkworm Genome Consortium, 2008) . During its long history of production and research, the silkworm has been used as a model organism for Lepidoptera as its genetic background, biochemistry and physiology are well known (Xia, Li, & Feng, 2014) . Research into the mechanisms of diapause have focused on developmental processes (Hodek, 2002) , the insect lifecycle (Desmarais, Bordignon, Lopes, Smith, & Murphy, 2004; Gilbert & Schröder, 2004; Spurgeon, Sappington, & Suh, 2003) , and the regulation of metamorphosis (Denlinger, 2003; Sommerville & Davey, 2002) . Insight into the molecular mechanism behind diapause in B. mori would be beneficial for the regulation of the supply of silkworm eggs, and could also provide new approaches for the control of pests in agriculture and forestry.
Diapause of Bombyx occurs at the egg or embryonic stage when phenotypic plasticity in the offspring is induced via the maternal effect (Yamashita & Hasegawa, 1966) . Many factors can affect diapause, including temperature, humidity, photoperiodic, and exposure to several types of chemicals (Denlinger, Yocum, & Rinehart, 2005; Vandekerkhove et al., 2005) . The primary factors affecting diapause of bivoltine strains of Bombyx is temperature, which is especially in the later period of embryo development during incubation (Sasibhushan, Ponnuvel, & Vijayaprakash, 2012) . To bivoltine strain of the Bombyx, if diapause eggs are incubated at 25°C under illumination, the resulting female moths lay diapause eggs; if eggs are incubated at 15°C in darkness, the moths lay non-diapause eggs; and if eggs are incubated at 20°C, the moths lay a mixture of diapause and non-diapause eggs (Hasegawa, 1951) . The process of diapause in Bombyx can be divided into six periods which are differentiated by the state of development and metabolism: induction, preparation, initiation, maintenance, termination, and post-diapause quiescence (Kostál, 2006; Maurice & Catherine, 1976) . Previous research has shown that the diapause hormone (DH) plays an important role during diapause induction, and that the oocyte of the 3-day-old pupae is the most sensitive to DH (Hasegawa, 1957; Kubota et al., 1979; Yamashita & Hasegawa, 1966) . Information relating to the conditions that are experienced by eggs of the female moths in early embryo stage-including temperature, illumination, and humidity-is transmitted to the central nervous system by sensory nerves, transformed into chemical information to be stored (Mitsumasu et al., 2008) . When silkworms reach a particular stage of development, the chemical information is released into the hemolymph, which induces adjustments in the internal environment and establishes internal physiology and biochemistry mechanisms to adapt to the changes of the external environment (Moribe, Oka, Niimi, Yamashita, & Yaginuma, 2010) . However, the molecular mechanism of diapause at the process of mother is still remained unclear.
In the present study, we constructed a study model of Bombyx diapause based on the principle that diapause of bivoltine silkworm offspring is regulated by the environmental conditions experienced by the parents during the embryonic period. In previous study, we have identified 183 upregulated genes and 106 downregulated genes in ovaries of 3-day-old pupae under progeny diapausedestined (PDD) and progeny non-diapause-destined (PNDD) groups using high-throughput RNA-seq technology (Chen et al., 2017) . We analyzed the data of RNA-seq and selected four differentially expressed genes (DEGs) which had greater difference than other DEGs and are related to carbohydrate metabolism. We analyzed the expression profile of four DEGs (BGIBMGA003835, BGIBMGA012335, BGIBMG012996, and BGIBMG002426) from 1-day-old fifth-instar larvae to 6-day-old pupae in the heads and ovaries of PDD and PNDD groups, respectively, to further research the expression difference in different developmental stages. To identify the influence of DH on these selected genes, we added different concentrations of DH to the media of BmN cells originating from the ovaries and analyzed the gene expression levels by qRT-PCR. Meanwhile, we used RNAi to identify the effects of these four genes on diapause by injection into 2-day-old pupae. Our results provide insight into the molecular mechanism of Bombyx diapause.
| MATERIAL S AND ME THODS

| Establishment of a model of Bombyx diapause and sample preparation
In the present research, we used the bivoltine strain, Qiufeng, which was provided by the Sericulture Research Institute Chinese Academy of Agriculture Science. Hibernating eggs at diapause-terminated period on egg card were divided into two groups. One group was incubated at 17°C in darkness, and then moved into 25°C after body pigmentation stage (it will be PNDD), another group was incubated at 25°C under natural light (it will be PDD), starting at around 15 days after the first group was moved into 25°C to synchronize hatching.
After hatching, the silkworm larvae were fed with fresh mulberry leaves with the following rearing conditions: temperature of 25°C, relative humidity 80% ± 5%, and 12 hr light and 12 hr dark cycles.
Ovaries and heads from fifth-instar larvae from day 1 to day 5 and from pupae from day 2 to day 6 (three replicates for each treatment).
| Culture of BmN cell and treatment with DH
BmN cells originating from the ovary were cultured in TC-100 insect medium (AppliChem, Germany) containing 10% FBS (Gibco, Australia) and 1% penicillin-streptomycin solution (Gibco, USA) at 27°C. The Bom-DH (China Peptides, China) was diluted with ddH 2 O and then added into the cell medium in appropriate volumes to give the desired final concentration. The concentrations used were: 10, 1, 0.1 μM, 10, 1, 0.1 nM, 10, 1, 0.1 pM, 10, 1 and 0.1 fM. Equivalent volumes of ddH 2 O were used as negative controls. After 36 hr of culturing, total RNA extraction was carried out.
| Extraction of total RNA and reverse transcription
The total RNA of BmN cells and ovaries and heads from female 5th-instar larvae from day 1 to day 5 and from pupae from day 2 to day 6 was extracted using the RNAiso Plus (TaKaRa, China), according to the manufacturer's instructions. Integrity of the RNA was determined by gel electrophoresis and RNA was quantified on the Nanodrop1000 Spectrophotometer (Thermol Fisher, USA).
Contaminating genomic DNA in total RNA was removed by treatment with DNase I (TaKaRa, China). Five hundreds nanogram purified RNA from each sample was reverse transcribed into cDNA using PrimeScript™ 1st Strand cDNA Synthesis Kit (TaKaRa, China). Three biological replicates were carried out for each assay.
| Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) validation
Based on the results of published data, we selected two genes (BGIBMGA003835, BGIBMGA012335) that were upregulated in the group of PDD and two genes (BGIBMG012996 and BGIBMG002426) that were downregulated in the group of PNDD. The primers of genes were designed using Premier 6.0 software to amplify fragments using qRT-PCR (Supporting Information Table S1 ) and the amplified fragments of each gene inserted into a pMD18-T vectors (TaKaRa, China) as the standard substance to establish standard curves based on the linear relationship between the copy number of gene and the value of Cq for qRT-PCR. The qRT-PCR reaction, which contained 1 μl of cDNA template, 0.5 μl of forward/reverse primer (10 nM), and 10 μl of 2× SYBR Premix Ex Taq (TaKaRa, China), was carried out in a LightCycler ® 96 RT-PCR system (Roche, USA).
The following program was run: pre-incubation at 95°C for 300 s; three-step amplification by 40 cycles of 95°C for 20 s, 58°C for 20 s, and 72°C for 20 s; and melting at 95°C for 10 s, 65°C for 60 s, and 97°C for 1 s. Three technical replicates were carried out for each assay. According to a standard curve regression equation, the exact expression of the target gene was calculated from the Cq value of the sample to be measured using a normal melting curve.
| Preparation and injection of dsRNA
The RNAi method was used to investigate the function of upregulated genes (BGIBMGA003835, BGIBMGA012335) in PNDD and downregulated genes (BGIBMG012996, BGIBMG002426) in PDD. The dsRNA corresponding to selected genes was synthesized using the T7RiboMAX™ Express system (Promega, USA). Primers were used to add a sequence of the T7 promoter region to the 5′ end of original forward and reverse primers (Supporting Information Table S2 ).
A dsRNA mixture containing 5 μg each of dsRNA-BGIBMGA002426
(dR-2426) and dsRNA-BGIBMGA012996 (dR-12996) was diluted in ddH 2 O, then injected into day-2 female pupae of PDD group for RNAi. A dsRNA containing 5 μg of dsRNA-BGIBMGA012335 (dR-12335) and dsRNA-BGIBMGA003835 (dR-3835) was injected into day-2 female pupae of PNDD group, respectively. A dsRNA mixture containing 5 μg each of dR-12335 and dR-3835 was similarly diluted and injected into day-2 female pupae of PNDD group. A dsRNA containing 5 μg of dR-12996 and dR-2426 was injected into day-2 female pupae of PNDD group, respectively. Fifteen replicates were carried out for each assay. Negative control was created by injecting day-2 female pupae with same amount of ddH 2 O. Expression levels of these genes in ovaries were detected by qRT-PCR after 36 hr of RNAi. After eclosion, the females were mated with males and the color of the eggs and the incubation after about 13 days was assessed to indicate whether they were in diapause or not.
| Statistical analysis
The qRT-PCR data were analyzed by LightCycler ® 96 service software (Roche, USA) and SPSS Statistics 17.0 software. The data of genes expression level is expressed as mean (1 g value of copies number) ± SE. The difference of genes expression level was analyzed by one-way analysis of variance (ANOVA) and tested by a Student's t-tests.
| RE SULTS
| Expression level of diapause-related genes in different phases and tissues
Because of fifth-instar larvae and pupae is an important development stage in the lifecycle of silkworm, samples were obtained from the heads and ovaries of PDD and PNDD silkworms from day 1 to 5 for fifth-instar larvae (5L1D, 5L2D, 5L3D, 5L4D
and 5L5D, respectively) and on day 2 to 6 for pupae (P2D, P3D,
P4D, P5D and P6D, respectively). The results of qRT-PCR re-
vealed that the expression levels of BGIBMGA003835 (Figure 1a and BGIBMGA012996 were significantly decreased in the PDD group compared with PNDD group, with 7-fold times and 16-fold differences, respectively.
| Influence of Bmo-DH on BmN cell
The data of copies ratio shows that exposure to various concentrations of DH caused BGIBMGA012335 and BGIBMGA003835 to upregulated ( Figure 2a ) and BGIBMGA012996 and BGIBMGA002426 to be down-regulated (Figure 2b ) in BmN cells. The largest reduction in BGIBMGA002426 is observed, approximately 98% at 1 pM DH. The largest reduction of BGIBMGA012996 is about 97% also at 1 pM DH.
F I G U R E 1 Expression level of selected genes in different tissues and developmental phases between diapause-destined and nondiapause-destined. From 5L1D to 5L5D represent 1-day-old to 5-day-old fifth-instar larvae, respectively. From P2D to P6D represent 1-dayold to 5-day-old pupae, respectively. It is interesting that BGIBMGA012335 can be downregulated below 10 fM of DH and BGIBMGA003835 can be downregulated between 10 pM and 1 fM of DH.
| Identification of the function of the selected genes by RNAi
In P2D, dsRNA mixtures containing dR-12996 and dR-2426 were injected into female pupae of PNDD, and dsRNA mixtures containing dR-3835 and dR-12335 were injected into female pupae of PDD.
All four gene expression levels were reduced to lower than 30% by knockdown. It revealed that there is significant difference between blank control and RNAi (p < 0.01; Figure 3 ).
The silkworm eggs that had just been produced are light yellow ( Figure 4a ). The intuitive difference between diapause and nondiapause eggs is the shift of color after 36 hr. The eggs of negative control moths that had been injected with ddH 2 O laid were a light yellow color until the 6th day, then became light grey and hatched after 9 days at 25°C (Figure 4b ). These eggs were non-diapause. Following
RNAi of dR-12996 combining dR-2426, the color of eggs laid by female moths were from light yellow to carnation after 36-48 hr and finally a gray-green color after 48-72 hr because of diapause specific ommochrome metabolic system and remained stable without hatching after incubation at 25°C until next year (Figure 4c ). These eggs were affirmed in diapause. It is interesting that only knockdown of BGIBMGA012996
can induce the eggs mixed of diapause and non-diapause ( Figure 4d) and don't increase the depth of diapause through the quantity increase of dsRNA. The eggs laid by female moths following RNAi of dR-3835 plus dR-12335 were still diapause-destined (Figure 4e ), just like the negative controls (Figure 4f ). That all these eggs from injected moths could hatch revealed that RNAi does not affect viability.
| D ISCUSS I ON
The results of this study indicate that there are significant changes in the development and metabolism of PDD and PNDD B. mori individuals. Diapause does not just reduce the speed of development, but brings it as close to zero as possible without complete arrest.
The metabolic rate and pathways also undergo profound changes.
During the diapauses process, insects need to establish a transformation and storage system for nutrients, including lipids, proteins, and carbohydrates (Hahn & Denlinger, 2011) . The specific metabolic systems that are established during diapause in B. mori are the The gene product of BGIBMGA003835 is UDPglycosyltransferase (UGT), which catalyzes the transfer of the glucuronic acid group of UDP-glucuronic acid to a small hydrophobic molecule (Mackenzie et al., 1997) . The gene product of BGIBMGA012335 is related to the solute carrier family 35 member F6(SLC35F6). It may be involved in transmembrane transport of glucose, amino acids and other substances (Ashikov et al., 2005; Kashiwaya et al., 2010) . The downregulation of BGIBMGA003835
and BGIBMGA012335 that we observed in PNDD can be expected to equate to upregulation in diapause meaning that the manufacture and storage of glycogen is increased in diapauses, potentially influencing several signaling pathways such as the mitogenactivated protein kinase (MAPK) pathway (Fujiwara & Shiomi, 2006; He et al., 2018) . The gene product of BGIBMGA002426 is mannosyl-oligosaccharide α-1,2-mannosidase, which is involved in the procession of protein or peptide in endoplasmic reticulum (Wilson, 2012) . The product of BGIBMGA012996 is glucose dehydrogenase [FAD, quinone] which is important for glucose metabolism and energy supply (Benyair et al., 2015) . The expression levels of all four genes were lower in the fifth-instar larvae than in pupae, indicating that the metabolic requirements are reduced in this stage compared with the pupal stages.
The silkworm, as a complete metamorphosis insect, has dramatic differences in the pupal stage compared with the larvae, due to larval tissue disintegration and changes in the shape of the moth body. Our results revealed that expression levels of the four DEGs were consistent across various stages of development, indicating that the central nervous and neurosecretory systems and the ovaries are involved in the events of diapause. Previous research has demonstrated that environmental conditions experienced by bivoltine moths during the egg stage is detected by neurosecretory cells and stored in order to generate chemical messages at a later stage (Sato, Shiomi, Saito, Imai, & Yamashita, 1998; Yamashita, 1996) . When extreme temperatures or illumination are experienced, these chemical substances are released into the hemolymph and act on corresponding targets, leading to physiological and biochemical changes that allow the progeny to adapt to the external environmental conditions.
In the present study, changes in gene expression levels were used to verify the hypothesis of diapause mechanisms. The hormone Bmo-DH is a key factor in the determination of progeny diapause, and the response to this hormone has been reported to be strongest in 3-day-old pupae (Yamashita & Hasegawa, 1970) .
We demonstrated that exposure to Bmo-DH lead to upregulation of BGIBMGA003835 and BGIBMG012335 but downregulation of BGIBMGA002426 and BGIBMGA012996 in BmN cells. This was in line with the changes that were seen in vivo (Shiomi et al., 2015; Yamashita & Hasegawa, 1970) and together these results suggest that the oocytes are most sensitive to Bom-DH in the 3-day-old pupae.
Inhibition of the two genes that are upregulated in PNDD turned over the eggs' destiny from non-diapause into diapause. Inhibition of BGIBMGA012996 may affect material reserve system conducive to the direction of diapause in the pupal stage, leading to diapause in the offspring. The inhibition of BGIBMGA002426 may alter the function of some glycoproteins, leading to changes in the signal transduction pathways, which interfere with the maintenance PNDD fate and lead to induction of diapause in the offspring. The simultaneous inhibition significantly increases the incidence of diapause in the offspring may reveal that these two genes may have synergistic effects in PNDD fate. We speculate that the occurrence of diapause in bivoltine silkworm strain incubated in normal temperatures may be a more stable physiological process compared to the non-diapause state, as RNAi during the pupal stage of PDD moths did not induce non-diapause in the offspring. So, the gene expression interference is not enough to rescue non-diapause fate of PDD offspring. Further studies on the functions of these genes in metabolites levels and gene regulation networks will help to deepen our understanding of the molecular mechanisms of diapause. 
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